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Background: Limited replicative capacity is a defining characteristic of most
normal human cells and culminates in senescence, an arrested state in which
cells remain viable but display an altered pattern of gene and protein
expression. To survey widely the alterations in gene expression, we have
developed a DNA microarray analysis system that contains genes previously
reported to be involved in aging, as well as those involved in many of the major
biochemical signaling pathways. 
Results: Senescence-associated gene expression was assessed in three cell
types: dermal fibroblasts, retinal pigment epithelial cells, and vascular
endothelial cells. Fibroblasts demonstrated a strong inflammatory-type
response, but shared limited overlap in senescent gene expression patterns
with the other two cell types. The characteristics of the senescence response
were highly cell-type specific. A comparison of early- and late-passage cells
stimulated with serum showed specific deficits in the early and mid G1
response of senescent cells. Several genes that are constitutively
overexpressed in senescent fibroblasts are regulated during the cell cycle in
early-passage cells, suggesting that senescent cells are locked in an activated
state that mimics the early remodeling phase of wound repair. 
Conclusions: Replicative senescence triggers mRNA expression patterns that
vary widely and cell lineage strongly influences these patterns. In fibroblasts, the
senescent state mimics inflammatory wound repair processes and, as such,
senescent cells may contribute to chronic wound pathologies. 
Background
Historically, cellular senescence has been defined as the
terminal phase of passaged primary human cell popula-
tions, a response more accurately defined as replicative
senescence. It is now recognized, however, that a similar
phenotype can be achieved in both normal and trans-
formed cells by a variety of challenges, such as oxidative
stress [1,2], radiation [3], activated oncoproteins and
kinases [4–6], cyclin-dependent kinase (CDK) inhibitors
[7] and others [8], leading to the concept that cellular
senescence represents a fate choice that can be influenced
by both pro- and anti-mitogenic stimuli. Senescent cells
are not stimulated to divide by serum or passage in
culture, and senescence invokes a specific cell-cycle
profile that differs from most damage-induced arrest
processes or contact inhibition [9]. An enlarged cell size,
expression of a pH-dependent β-galactosidase activity [10]
and an altered pattern of gene expression [11,12] further
mark senescent cells. 
Serial cultivation of normal cell strains results in the
shortening of telomeres [13] and, in many strains, this
process can be prevented by the expression of hTERT,
the catalytic protein component of telomerase [14,15]. To
understand the baseline changes in gene expression at
senescence, we have used cDNA microarrays to study
senescence-induced gene expression patterns in different
cell types. The cell types examined here — dermal
fibroblasts, retinal pigment epithelial cells and vascular
endothelial cells — represent biologically diverse lin-
eages that senesce with similar gross phenotypes. The
invoked gene expression patterns differ greatly in a cell-
type specific manner, however, suggesting that many of
the observed alterations result from collateral activation
of pathways that are set by cell lineage. 
Results
Expression profiles of cell strains at replicative senescence
The three human cell strains chosen were dermal fibro-
blasts (BJ), retinal pigment epithelial cells (RPE340) and
vascular endothelial cells (HUVECs). The replicative
capacity of these cells varies, and senescence in all three
strains is accompanied by a shortening of mean terminal
restriction fragment (TRF) lengths, significant β-galacto-
sidase activity at pH 6.0 (senescence-associated β-galacto-
sidase [10]) and a characteristic cell-cycle distribution,
including low numbers of cells in S phase and high
numbers in G1 and G2 [9] (Figure 1). In addition, BJ and
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RPE340 [14] and HUVEC (E.C., unpublished observa-
tions) can be immortalized by the expression of telo-
merase from an hTERT transgene. By these criteria, all
three strains of cells undergo a similar arrest process —
replicative senescence — initiated by a common effector,
the critical shortening of telomeres. 
Genes showing at least a 2.5-fold differential in expression
in senescent and early-passage cells in multiple indepen-
dent experiments are listed in Figure 2. Compared with
quiescent early-passage cells, BJ fibroblasts at senescence
have higher levels of the matrix-regulating proteins
stromelysin-1 and stromelysin-2, plasminogen activator
inhibitors PAI-1 and PAI-2, and urokinase plasminogen
activator (uPA) as well as the inflammatory regulators
monocyte chemotactic protein-1 (MCP-1), Gro-α, and
interleukin-15 (IL-15). Conversely, senescent fibroblasts
significantly underexpressed mRNAs for prostaglandin-1
synthase, elastin, stromelysin-3 and other proteins. 
In high-serum conditions, genes that participate in cell
division (for example those for cyclin A, cyclin B1, Cdc20,
Cdc2, thymidine kinase and thymidylate synthase) are
clearly expressed at higher levels in early-passage fibro-
blasts. Under these conditions, genes for secreted colla-
gens Iα1 and IIIα1, elastin and cytokeratin II type 7 are
also more highly expressed in early passage cells. 
Senescent BJ fibroblasts in high serum express inflamma-
tion-associated genes at still higher levels than in low
serum, including the chemokines MCP-1 and Gro-α,
cytokines IL-15 and IL-1β, the interleukin-1 (IL-1) recep-
tor homolog Toll protein (Tlr-4) and intercellular adhe-
sion molecule-1 (ICAM-1). The CDK inhibitor p21 is
overexpressed, as is the growth-arrest-specific protein 1
(Gas1) and growth-arrest and DNA-damage inducible
protein 153 (GADD153). In addition, levels of mRNA for
insulin-like growth factor binding proteins 2 and 5 (IGF-
BP2, IGF-BP5), stanniocalcin and cathepsin O were ele-
vated, and levels of peptidyl-α amidating monooxygenase
(PAM), a prohormone-converting enzyme [16], remained
high regardless of serum conditions.
The expression patterns observed in the other two cell
types differed significantly from that of the dermal fibro-
blasts. In RPE340 cells, the differences in expression of
mRNA for IGF-BP2, in both high and low serum, and a
notable inability of the senescent cells to express a series
of collagens in low-serum conditions were most obvious.
Follistatin, a potential activin antagonist protein [17], was
significantly expressed in senescent RPE340s whereas
senescence repressed the expression of prostaglandin D
synthase, a potential retinoid-binding protein [18], and cel-
lular retinol-binding protein-1. Unlike BJ cells, senescence
in RPE340s does not result in a significant increase in the
expression of inflammatory chemokines or cytokines. 
HUVEC cells display a dramatically different pattern of
gene expression, in which many of the markers of senes-
cence in fibroblasts are expressed in an inverse fashion.
Inflammatory and immune-response genes such as those
for IL-15 and Toll protein are all repressed in senescent
HUVECs at low serum, as are the matrix proteases.
Senescence in HUVECs induces the expression of IGF-
BP5, neurofilament subunit L, transforming growth
factor-β2 (TGFβ2) and adenosine A2A receptor, regard-
less of serum conditions. In high-serum conditions,
ICAM-1 and GADD153 are overexpressed at senescence,
as in fibroblasts.
To assess the extent that senescence-associated patterns
of gene expression are preserved among cell strains of
similar type, we examined two additional dermal fibro-
blast lines. C4 and MA were derived from the hand and
ankle respectively of the same donor and are thus geneti-
cally identical. In general, patterns of gene expression in
these two lines varied from that of BJ fibroblasts, though
some shared trends are apparent. The expression of matrix
proteases and inflammatory chemokines and cytokines at
senescence is common to all the dermal fibroblast lines,
though the set of expressed markers varies (Table 1a). A
comparison of the MA and C4 strains suggests that the
magnitude of the response at senescence and the particu-
lar genes induced varies even in genetically identical cells
derived from the same tissue type. We also examined
additional unrelated RPE strains, 338 and 341, and
observed similar trends to those in RPE340 at senescence:
an upregulation of IGF-BP2 and follistatin mRNAs, and a
significant decrease in the expression of collagens, cyto-
keratins, and associated factors such as transglutaminase-1
and thrombospondin-2 (Table 1b). 
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Figure 1
Analyses of senescent primary human cell lines. Photomicrographs are
of senescent cultures stained for senescence-associated
β-galactosidase (SA-βGal) [10]. Population doubling levels (PDLs) for
senescent cultures are indicated, as well as telomere length (mean
TRF in kilobase pairs (kbp)), and cell-cycle stage distribution as
determined by multicycle FACS analysis.
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Differential gene expression at senescence. Cell strains BJ, RPE340
and HUVEC were grown to senescence and held in high or low fetal
bovine serum (FBS) as described in Materials and methods. Genes
listed had expression ratios of > 2.4-fold in two or more independent
array analyses. Genes expressed predominantly in early-passage
cultures were given negative values; genes expressed predominantly
in late-passage cultures were given positive values. Expressed
sequence tag identifiers are used for re-sequenced clones that failed
to match the intended target gene. See text and Supplementary
material for abbreviations.
Time course of the response to serum stimulation
We compared the responses of early- and late-passage BJ
fibroblasts to serum stimulation and a complete listing of
responsive genes is provided as Supplementary material.
In early-passage cells, late G1/early S-phase markers, such
as Cdc2, cyclin B1, proliferating cell nuclear antigen,
thymidylate synthase, thymidine kinase, Wee1 and DNA
polymerase γ were induced between the 8 and 24 hour
time points and were weakly induced or absent in senes-
cent cells (see Supplementary material). The induction of
c-fos mRNA was apparent within 30 minutes of serum
stimulation in early-passage cultures and peaked at 1 hour,
whereas in senescent cultures the response was attenu-
ated (Figure 3a). Similarly, mRNAs for IκBα, tristetrapro-
line (TTP), JunB and early growth response protein 1
(EGR-1) are all induced within 1 hour of stimulation in
early-passage cells, whereas they are only weakly induced
in senescent fibroblasts. The induction of mRNAs for con-
nective tissue growth factor (CTGF) and mitogen-acti-
vated protein (MAP) kinase phosphatase 1 appeared
unperturbed in senescent cells, indicating that substantial
aspects of the early response to serum are maintained.
Conversely, there was a pronounced induction of Id-2 in
senescent cultures.
Several genes that are serum responsive in early-passage
fibroblasts are constitutively upregulated in senescent
cells. In early-passage cells, mRNAs for stromelysin-1,
MCP-1, PAI-1, PAI-2 and others are induced by serum
(Figure 3b). Conversely, collagen transcript levels decrease
substantially following serum addition. The expression of
many of the serum-inducible genes peaks near the 8 hour
time point, at which time the cells would be in transit
through the G1/S boundary. 
Discussion
Senescence-associated gene expression
All three cell strains reported here undergo an arrest
characterized by a distinctive cell-cycle distribution,
changes in cell morphology and the shortening of telom-
eres. Senescent cells have a cell-cycle distribution that is
clearly different from that of quiescent cells, as a substan-
tial population of cells with G2 DNA content persists [9]
(Figure 2). In high-serum conditions, this arrest includes
expression of the CDK inhibitor p21, and growth arrest
specific protein (Gas1) in BJ fibroblasts and RPE340
strains, but not in HUVECs. The overexpression of
cyclin D2 was observed in all three cell strains and may
reflect a common cell-cycle braking mechanism [19,20].
Interestingly, in none of the cell strains examined did we
observe an upregulation of mRNA for the CDK inhibitor
p16, as reported for other cell strains [21,22], and
RT–PCR analysis of mRNA from senescent BJ fibroblasts
confirmed the lack of induction of mRNA for p16 (data
not shown). The induction of p21 at senescence has been
reported to be transient in some cell lines, whereas the
induction of p16 can occur after prolonged arrest [23], and
this may also account for our observed results with differ-
ent cell lines. The data presented here strongly suggest
that even with a common initiating signal — shortened
telomeres — the ensuing arrest may be triggered by dif-
ferent pathways that are set by the specific cell type, yet
result in a similar distribution of cells in the G1 and G2
phases of the cell cycle. 
In fibroblasts, the expression of matrix-degrading pro-
teases and inflammatory chemokines and cytokines is a
consistent trend at senescence and, in this respect, the
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Table 1
(a) Pattern of gene expression in dermal fibroblasts at
senescence.
BJ C4 MA
%FBS 0.5 10 0.5 10 0.5 10
Stromelysin-1 8.2 4.1 1.0 22.0 –1.5 1.1
Stromelysin-2 2.6 2.0 1.6 5.9 1.9 1.6
Collagenase 2.0 1.7 –1.4 7.6 2.6 1.5
tPA 1.7 6.3 5.5 1.9 2.5 8.1
uPA 2.7 3.4 1.7 4.8 –1.2 1.2
MCP-1 2.9 9.0 2.7 4.3 2.5 3.4
Gro-α 2.8 6.6 1.6 5.8 2.5 1.2
IL-15 2.9 4.1 2.5 9.7 4.0 2.6
IL-1β 1.7 5.6 –1.2 3.1 1.3 1.2
Cathepsin O 2.9 4.8 4.2 3.9 2.2 4.2
Elastin –8.4 –5.5 –4.5 –4.5 –8.3 –13.9
MnSOD 3.4 7.4 2.9 2.6 3.8 1.6
Tlr-4 2.0 7.7 1.5 7.3 1.9 1.6
ICAM-1 –1.2 4.8 1.2 3.7 5.4 3.7
(b) Pattern of gene expression in retinal pigment epithelial
cells at senescence.
RPE340 RPE338 RPE341
%FBS 0.1 10 0.1 10 0.1 10
IGF-binding 15.3 22.0 6.0 6.9 1.8 4.1
protein-2
Collagen Iα2 –16.0 1.1 –10.6 –3.6 –58.0 –18.6
Collagen Iα1 –9.5 3.4 1.9 1.4 –26.5 –8.2
Collagen IIIα1 –9.8 1.4 1.9 3.3 –16.5 –4.0
Keratin I,18 1.4 –2.6 –3.8 –2.6 –8.1 –10.6
Keratin II,7 –1.0 –2.4 –18.5 –23.7 –24.8 –23.2
Transglutaminase 1 –3.5 –4.0 1.8 –1.9 –5.2 –3.0
Creatine kinase 3.6 7.3 3.9 2.3 1.6 2.8
Follistatin –1.6 5.8 4.7 6.0 1.5 3.1
Cathepsin O –2.1 3.0 2.5 2.7 24.3 11.7
Ceruloplasmin 1.4 1.7 1.0 3.7 14.6 7.0
Retinol-binding –3.1 –3.2 1.2 1.2 –3.2 –4.4
protein-1
Stanniocalcin 1.2 1.3 5.6 9.9 2.3 5.7
Thrombospondin 2 1.2 –3.5 –7.0 –3.3 –10.7 –16.8
RNA was prepared from three independent (a) dermal fibroblast or
(b) RPE strains maintained in high or low serum. Positive numbers
indicate fold-overexpression in senescent cultures; negative numbers
indicate fold-overexpression in early passage cultures. See text and
Supplementary material for abbreviations.
senescence response appears to overlap substantially with
gene expression patterns observed in activated fibroblasts
during wound healing [24–26]. MCP-1, Gro-α, IL-1β and
IL-15 are strong effectors of macrophage and neutrophil
recruitment and activation [27,28]. The upregulation of
Toll (Tlr-4) in senescent fibroblasts confirms the overall
immune response behavior at senescence. Tlr-4 is an IL-1
receptor homolog and is implicated in the activation of the
gene regulatory protein NF-κB, a function proposed  to be
part of the innate immune response [29]. The induction of
IL-15 at senescence is also consistent with an innate
immune response, as IL-15 can be induced by NF-κB-
dependent transcription [30] and also participates in
inflammatory disease processes [28].
Deficiencies in the response of senescent cells to serum
stimulation have been reported, and include an inability to
induce the expression of c-fos mRNA [31] and markers of
late G1 and S phase [32]. In response to serum, expression
of inflammatory chemokines, matrix-degrading proteases
and their modulators is induced in early-passage dermal
fibroblasts, and expression of matrix collagens is reduced.
This transient burst of activity may represent the natural
response of these cells in wound repair [24]. Id-2 tran-
scripts were hyper-induced in serum-stimulated senescent
fibroblasts, which may be linked to the ability of cytokines
to induce Id-2 expression [33]. The levels of mRNAs for
many of these induced genes peak at a period predicted to
span the G1/S boundary ([24] and this study); thus, the
senescence response may mimic an activated state that
would inappropriately continue to recruit immune
responses, disrupt matrix repair and prevent the comple-
tion of normal wound repair process. The induction of
matrix proteases in skin exposed to ultraviolet radiation
[34] also involves the activation of the MAP kinase signal-
ing cascade [35], a signaling cascade that can also induce a
senescence-like phenotype in fibroblasts [4–6]. The gene
expression patterns in many of these senescence-like
states overlap substantially with those in telomere-
induced senescence (W.F., D.N.S., R. Allsopp, S. Lowe,
and G. Ferbeyre, unpublished observations) and thus are
likely to use many of the same activation processes.
The pattern of gene expression at senescence varies sub-
stantially in different cell types. Although the expression of
matrix and structural proteins, such as the collagens, ker-
atins and auxiliary factors, is repressed in RPE cells,
inflammatory regulators are not induced, in contrast to
dermal fibroblasts. Physiologically, this would make sense,
as an acute inflammatory response in a tissue critical for
normal vision would be likely to have deleterious conse-
quences. However, as the RPE layer has a central role in
the deposition and maintenance of extracellular matrix in
the retina, decrements in the ability of senescent RPE cells
to maintain appropriate expression patterns, as evidenced
by decreased expression of collagens, keratins, aggrecan,
transglutaminase and so on, would be predicted to have
adverse affects on retinal architecture. Dysfunction of the
RPE cell layer is considered to be a substantial factor in the
development of age-related macular degeneration [36]. 
Surprisingly, early-passage HUVECs overexpress many of
the markers associated with senescence in dermal fibro-
blasts, such the pro-inflammatory molecules IL-15 and
Tlr-4. In very low serum, vascular endothelial cells are
often induced to undergo apoptosis, and the conditions
used in this study (0.15% fetal bovine serum (FBS)) have
been set to induce cessation of growth (quiescence) while
preventing apoptosis. NF-κB-mediated activities have
been shown to prevent the induction of apoptosis and to
promote survival in endothelial cells [37,38]. As senescent
cells have been reported to be resistant to apoptosis [39],
apoptosis and senescence may be alternative cell fates
available to cells under stress. Such dramatic inversions of
expression patterns in different cell types strongly suggest
that the most obvious effects of senescence are played out
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Figure 3
Time course of serum stimulation. (a) Early
passage (E: PD30) or late passage
(L: PD89) BJ cultures were held in 0.5%
serum for 2 days, then stimulated with 10%
FBS. RNA levels from cultures at the
indicated time points (Cy5 channel) were
compared with the uninduced starting culture
(Cy3 channel). Positive values indicate higher
expression in induced cells; negative values
indicate lower expression in induced cells.
Question marks indicate that there was
insufficient signal for detection. A complete
listing of serum-responsive genes from this
analysis is provided in Supplementary
material. (b) The serum-responsiveness of
select senescence-regulated genes in early
passage (PD30) BJ fibroblasts.
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through pathways determined by the cells’ differentiated
state, presumably as a result of the activation of alternative
signaling circuitries set during development. Substantial
variation in expression patterns is even evident in isogenic
matched dermal fibroblast lines such as C4 and MA. 
Conclusions
The patterns of gene expression observed at senescence
are strongly influenced by cell lineage. Even with a
common initiating event, such as the critical shortening of
telomeres, the accompanying arrest profile is highly spe-
cific for cell type and strain. The strong inflammatory
response observed in dermal fibroblasts mimics expression
patterns seen in serum-stimulated cells and in wound
repair, suggesting that senescent fibroblasts are locked in
an activated state that may exacerbate chronic wound
healing processes.
Materials and methods
Cell culture
BJ dermal fibroblasts were a kind gift from J. Smith (Baylor College of
Medicine, Houston) and human umbilical vein endothelial cells
(HUVEC) were a kind gift from T. Maciag (American Red Cross).
RPE340, RPE338 and RPE341 cells were derived from retinal speci-
mens (L. Hjelmland, University of California at Davis). C4 and MA
dermal fetal fibroblasts were derived at Geron from hand and medial
ankle skin samples respectively from the same human donor. Diploid
human cell strains were cultured in humidified chambers with 5% CO2
(BJ, C4, MA, HUVEC) or 10% CO2 (RPE340, 338, 341) and pas-
saged serially until the observed S-phase fraction, determined by multi-
cycle analysis by fluorescence-activated cell sorting (FACS), was
reduced to <5%. Fibroblast and RPE cells were grown directly on
plastic culture dishes, HUVEC were grown on gelatin-coated culture
dishes. See Supplementary material for a complete listing of the
passage history of these cultures. Early- and late-passage fibroblasts
were held in 10% fetal bovine serum (FBS) or held in 0.5% FBS in
subconfluent conditions for 5 days before harvest. RPE cells were held
in 10% or 0.1% FBS under confluent conditions for 10 days. HUVEC
were held in 15% or 0.15% FBS under subconfluent conditions.
Analyses
Cells were stained for senescence-associated β-galactosidase activity
as described [10]. Genomic DNA was harvested from early- and late-
passage cultures and mean telomere restriction fragment (TRF) length
was determined as described [14]. Multicycle FACS analysis was per-
formed as described [40].
Supplementary material
A complete description of all experimental procedures used in this study,
including cell culture, analyses, microarray fabrication and performance
data, listing of genes and expressed sequence tags (ESTs), and serum
induction profiles is available at http://current-biology.com/supmat/sup-
matin.htm.
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